We have previously shown that the mouse HP1 homologue M31 interacts dynamically with the nuclear envelope. Using quantitative in vitro assays, we now demonstrate that this interaction is potently inhibited by soluble factors present in mitotic and interphase cytosol. As indicated by depletion and order -of -addition experiments, the inhibitory activity co-isolates with a 55kDa protein, which binds avidly to the nuclear envelope and presumably blocks M31-binding sites.
INTRODUCTION
Heterochromatin Protein 1 (HP1) represents the founding member of a large protein family, which includes the Polycomb group (Pc-G) and other gene regulators (for recent reviews see 1 and 2) . This molecule possesses a dimeric, quasi-symmetrical structure and contains two sequence-related and similarly folded domains: the Nterminal chromodomain (CD; 3, 4) , and the C-terminal chromo shadow domain (CSD; 5). These two domains consist of anti-parallel, three-stranded β-sheets packed against one or two α-helices and are separated from one another by a flexible hinge region. Dimerization of HP1 involves intermolecular interactions between CSDs which tether two polypeptide chains at their C-terminal ends but leave the CDs unconstrained (6, 7) .
A single HP1 species has been originally identified in Drosophila melanogaster (8) . However, subsequent studies have revealed multiple variants of this protein in higher eukaryotes. Mammalian HP1 includes three distinct isotypes termed hHP1α, β and γ in humans and mHP1α, M31 and M32 in mice (3, (9) (10) (11) . Although these proteins are structurally similar, they are distributed in different territories of the cell nucleus (12) (13) (14) (15) .
HP1 binds to several chromatin remodeling factors and transcriptional regulators. Among these are CAF-1, BRG1/SNF2β, and the Transcriptional Intermediary Factors α and β (7, 10, 15, 16) . Physical or spatial associations between HP1 and elements of the Origin Recognition Complex (ORC), actin-related proteins (Arp4), and SET or CD-containing proteins, such as Su(var)3-9 and Su(var)3-7 have also been described (14, (17) (18) (19) . Finally, interactions with the centromeric protein INCENP, the nuclear autoantigen SP100, and the inner nuclear membrane protein LBR have been recently reported (10, 11, (20) (21) (22) (23) .
The interactions between HP1 proteins and elements of the nuclear envelope are particularly intriguing: first, peripheral heterochromatin is in physical contact with the inner nuclear membrane during interphase and could be directly linked to the nuclear envelope; second, transient associations involving components of condensed by guest on September 1, 2017 http://www.jbc.org/ Downloaded from chromatin and inner nuclear membrane proteins are thought to provide the basis for nuclear envelope reassembly at the end of mitosis. In previous studies (24) we have found that all three variants of mouse HP1 target the nuclear periphery when injected into living cells and bind to isolated nuclear envelopes under in vitro conditions.
To further explore these interactions, we focused on M31. In this work, we demonstrate that in vitro binding of M31 to isolated nuclear envelopes is potently inhibited by soluble factors present in mitotic and interphase cytosol. Using biochemical methods, we have characterized this inhibitory activity as a soluble form of α2/6 : β2 tubulin. The functional implications of these findings are discussed below.
EXPERIMENTAL PROCEDURES

Antibodies and plasmids:
A previously characterized monoclonal antibody directed to M31 (MAC 353; ref. 13, 14) was used throughout this study. Fusion proteins were detected by polyclonal, affinity-purified antibodies against recombinant GST. Antitubulin antibodies used were obtained from Sigma. The characterization of antilamin B and anti-LAP2B antibodies has been reported previously (25, 26) . M31 (full length) was expressed as a fusion protein with Glutathione-S-Transferase (GST) using pGEX1 and as a His 6 -tagged protein employing pET-25b.
Cell culture: Human endometrial carcinoma cells (Ishikawa) were maintained in MEM, whereas HeLa cells, Chinese Hamster Ovary cells (CHO) were grown in DMEM. All media contained 10% fetal bovine serum and antibiotics.
Synchronization in mitosis was achieved by treating the cells with 40-120 ng/ml nocodazole for 18 hours.
Indirect immunofluorescence and immunoblotting:
Conventional and confocal immunofluorescence, as well as western blotting, were performed as described previously (25, 27, 28) . Staining of the cells with propidium iodide was accomplished after a 30-min incubation with 200U/ml RNAse A and subsequent incubation with 1 µg/ml of this dye for 5 min. 
Expression, purification and metabolic labeling of recombinant proteins:
GST fusion proteins and His6-tagged polypeptides were expressed in BL21 (DE3) cells and purified from bacterial lysates according to standard procedures (29) . For metabolic labeling, the cells were grown in methionine-free medium (M9-based) to an OD of 0.9. IPTG (0.1 mM), 35 S-methionine (200-300 µCi) was added, and incubation ensued for 3 hours at 37 0 C. After that, the bacteria were collected and the recombinant proteins purified as usual.
Preparation of tubulin:
Tubulin was isolated from rat brain tissue according to published methods (30) .
Partial purification of the 55K protein: To isolate the 55kDa protein, 500 ¼l of a thick suspension of urea-extracted nuclear envelopes (concentration 5-10 mg/ml in s-oe/1% gelatin/1 mM PMSF/1 mM DTT/protease inhibitors) was combined with 700 ¼l of freshly prepared Ishikawa cytosol (5 mg/ml). After a 45-min incubation at room temperature, the membranes were pelleted (12, 000 X g, 30 min, 4 0 C) and resuspended in 800 ¼l of the same buffer. Following another centrifugation, the nuclear envelopes were eluted with 600 ¼l of buffer E (250 mM NaCl, 30 mM TrisHCl pH 8.0, 1 mM EDTA, 1 mM DTT, and 0.2 mM PMSF). The eluate collected was concentrated by ethanol precipitation, or kept in its original state at -70 0 C.
Isolation of nuclear envelopes:
Turkey erythrocyte nuclear envelopes were isolated as specified in ref. 31 . The membranes were washed sequentially with 2 M KCl, 50 mM Tris-HCl pH 7.5, 1 mM DTT, 1 mM PMSF and protease inhibitors (leupeptin, pepstatin, aprotinin and antipain 2 µg/ml), double distilled water, and 8 M urea, 10 mM Tris-HCl pH 8.0, 4 mM EDTA and 1 mM PMSF (when specified).
Before use, nuclear envelopes were washed in assay buffer (see below) and thoroughly resuspended in the same buffer by mild sonication. To prepare proteolyzed membranes, 0.8-2.0 mg/ml of nuclear envelopes were incubated with a mixture of trypsin and chymotrypsin (0.16 mg/ml) for 30 min at room temperature.
Digestion was stopped by adding PMSF (1.3 mM), protease inhibitors (see above), and 1% fish skin gelatin (scavenger). The membranes were washed with assay buffer containing PMSF/protease inhibitors/gelatin and resuspended in the same buffer. collected. When mitotic homogenates were prepared, 1 mM MgATP, 20 mM creatine phosphate, 400 µg/ml creatine kinase, 80 mM β-glycerophosphate, 50 mM NaF, and 1 µM microcystin LR were added to the media to preserve the mitotic state. In vitro reassembly assays: CHO cells were synchronized in mitosis with 120 ng/ml nocodazole (18 hours, 37 0 C). After shake-off, the cells were washed three times with cold Pipes buffer (50 mM Pipes-KOH, pH 7.4, 50 mM KCl, 5 mM MgCl2, 2 mM EGTA and 1 mM PMSF) and resuspended at a density of 10 6 /ml in the same medium plus 1 mM DTT and protease inhibitors (leupeptin, pepstatin, aprotinin and antipain 2 µg/ml). Digitonin was added from a 10 mg/ml stock to a final concentration of 50 µg/ml and the suspension left on ice for 5 min. The lysate was divided in equal aliquots (approximately 2 X 10 5 cells). One sample (control) was diluted to 300 µl with cold Pipes buffer and processed immediately after addition of 2 mM MgATP, 20 mM creatine phosphate, 400 µg/ml creatine kinase, 80 mM β-glycerophosphate, 50 mM NaF, and 3 µM microcystin LR. The rest were combined with various peptides or exogenous proteins (12-120 µg), adjusted in volume to 300 µl, and incubated at 33 0 C for 2 hours. Half of each reaction mixture was loaded onto a cushion of 20% sucrose and spun (4 0 C) for 10 min at 1,000 X g on glass coverslips.
Preparation of cytosol:
Material adhering to glass was washed 2 times with cold Pipes buffer, and fixed with 4% formaldehyde for 10 min. Replicas were stained with anti-LAP2B and anti-lamin B antibodies as specified above. Morphometric analysis involved detailed examination of at least 50 cells in the confocal microscope.
RESULTS
Cytosolic factors inhibit M31 binding to the nuclear envelope -To measure binding
of HP1 proteins to the nuclear envelope we used a simple, co-sedimentation assay.
Recombinant M31 ( preparations; as could be confirmed by western blotting, the endogenous protein partitioned exclusively with a 100,000 X g pellet and was undetectable in the cytosolic fraction (Fig. 2a, inset) .
The inhibitory activity co-isolates with a 55kDa, nuclear envelope-binding protein -
We reasoned that the factors responsible for the inhibitory effect should act either by "neutralizing" M31, or by blocking M31-binding sites at the nuclear envelope. To differentiate between these two possibilities, we proceeded to depletion and orderof-addition experiments. Cytosol depleted from M31-binding proteins after a preincubation with immobilized GST-M31 contained as much inhibitory activity as mock-depleted cytosol (Fig. 2b, 
compare columns No Cy, +Whole Cy, +Depl Cy).
In line with this, 35 S-GST-M31 that was pre-incubated with cytosol before incubation with the NEs did not show any significant difference to the corresponding control (Fig. 3a , compare columns CTL M31, Cy-M31). However, when the NEs were pre-incubated with cytosol before incubation with 35 S-GST-M31 a dramatic decrease in the binding was detected (Fig. 2b , compare columns CTL NE and Cy-NE). From these observations it could be inferred that the inhibitory factors associate primarily with the NEs.
To confirm this idea, we mixed NEs with metabolically-labeled cytosol, centrifuged the samples at 12,000 X g, and analyzed the pellet fraction by SDS-PAGE and autoradiography. As shown in Fig. 3a , a major 55kDa protein and several minor species co-sedimented with the membranes. This did not reflect aggregation or non-specific "sticking", because the 55kDa protein floated up to the 30-40% sucrose interface and co-migrated exactly with the NEs upon analysis in sucrose density gradients (Fig. 3b , compare panels Cy+NE and Cy+Buff.).
The 55kDa protein represents a soluble form of tubulin -The 55kDa polypeptide did not dissociate from the NEs after washing with assay buffer but was partially extracted by distilled water and high salt (Fig. 4a) . Exploiting this, we isolated mg amounts of the 55kDa protein from lysates of interphase and mitotic cells ( Fig. 4b ; for details see "Materials and Methods"). The partially purified polypeptide abolished binding of 35 S-GST-M31 to the NEs (Fig. 4c) , suggesting a close relationship with the inhibitory factor we were seeking.
To establish the identity of this protein, we excised the 55kDa band from SDS gels, digested the material with trypsin, and determined the amino acid sequence of nine internal peptides. Analysis by mass spectrometry revealed that the 55kDa band includes two different protein chains, corresponding to β2 and α2/6 tubulin (Fig. 5a ).
This result could be fully confirmed by western blotting: when whole cytosol was coincubated with NEs, soluble tubulin bound to the membranes and partitioned with the pellet fraction (Fig. 5b) . NEs, but did not co-sediment with proteolyzed membranes (Fig. 6b) . Quantitative assays showed that binding was concentration-dependent, exhibited saturable features and was characterized by a relatively high affinity (apparent Kd = 10 -7 M; Fig. 6c ).
In line with the previous results, non-polymeric tubulin inhibited potently the binding of 35 S-GST-M31 to the NEs, while a control protein (BSA) tested in parallel had no effect (Fig.7a, compare columns 4 and 3) . (Fig. 7b) .
Finally, to confirm the biochemical results by an independent method, we employed a previously established morphological assay, which detects in situ binding of M31 to elements of the nuclear periphery (for details see Materials and Methods).
As shown in Fig. 8 (panel GST-M31 ), when Triton X-100-permeabilized cells were incubated with GST-M31, the periphery of the nucleus was intensely stained. However, when the same experiment was repeated with a mixture of M31-GST and rat brain tubulin, the decoration of the nuclear periphery was markedly reduced (panel
GST-M31+tb
). This effect was specific, because binding of M31-GST to internal nuclear structures (e.g, perinucleolar heterochromatin) was not affected by the presence of tubulin.
Soluble tubulin inhibits nuclear envelope reassembly in vitro -
In recent studies, we have shown that M31 mediates recruitment of nuclear envelope precursors around segregated chromosomes and facilitates nuclear envelope reassembly at the end of mitosis (24) . Knowing that, we wanted to examine whether soluble tubulin regulates these associations, inhibiting binding of nuclear envelope precursors to chromosomeassociated M31 at late phases of mitosis. This interpretation makes physiological sense, because, upon nuclear envelope breakdown, soluble tubulin is expected to have access to the nuclear interior.
To test this hypothesis, we utilized a novel in vitro reassembly assay developed in our laboratory. In this assay, nocodazole-synchronized (prometaphase) cells are first incubated with low concentrations of digitonin, to gently open the plasma membrane and allow addition of exogenous elements. Subsequently, the permeabilized cells are incubated for 2 hours at 33 0 C to induce destruction of mitotic cyclins and inactivation of the cdc2 kinase. Elimination of this kinase allows dephosphorylation of mitotically-modified nuclear envelope proteins and initiation of nuclear envelope reassembly around condensed chromosomes. The progress of this reaction can be easily monitored by spinning the "digitonin ghosts" on glass coverslips and performing indirect immunofluorescence microscopy with anti-lamin B and anti-LAP2B antibodies. These two proteins represent, respectively, peripheral and integral components of the nuclear envelope that disperse during prometaphase and are quantitatively recruited to the surfaces of chromosomes at late anaphase/telophase.
As shown in Fig. 9 , addition of soluble tubulin completely abolished recruitment of LAP2B and lamin B to the surfaces of chromosomes, whereas addition of BSA (control) had no effect.
DISCUSSION
Recent studies have shown that HP1 proteins interact dynamically with the nuclear envelope. The mouse HP1 homologues mHP1α, M31 and M32 accumulate at the nuclear periphery when injected into interphase cells and decorate the nuclei of detergent-permeabilized cells in a characteristic, rim-like fashion. Furthermore, all HP1 variants exhibit saturable and site-specific binding to isolated nuclear envelopes (24) .
Nuclear envelope association may involve a specific interaction with the integral membrane protein LBR, which has been shown to bind the human HP1 homologues hHP1α and hHP1γ in two-hybrid assays (11, 20) , or constituents of peripheral heterochromatin (34) . Acetylation and other posttranslational modifications undoubtedly play a role in HP1 dynamics, because targeting of M31 and M32 to the nuclear envelope is abolished upon treatment with deacetylase inhibitors (24) . Nonetheless, since HP1 proteins oligomerize and are capable of interacting with a wide variety of cellular components (see "Introduction"), it would be reasonable to assume that their molecular associations are regulated by auxiliary factors and molecular chaperones. In this study, we have attempted to identify and characterize such factors using quantitative in vitro assays in combination to subcellular fractionation. Our results show that M31 binding to the nuclear envelope is potently inhibited by non-polymeric tubulin. This is a surprising finding, because soluble tubulin has always been considered to be a mere "reservoir" of microtubule subunits.
The biochemical and morphological data presented here make it clear that the inhibitory effect of tubulin is not due to a chaotropic or a purely electrostatic effect. Soluble tubulin inhibits nuclear envelope reassembly in vitro.
In vitro reassembly assays were performed as described in "Materials and Methods". 
